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a b s t r a c t
The paper deals with a squirrel cage induction generator connected to the grid through
a back-to-back converter driven by vector control. The stator-side converter controls the
generator torque by means of an indirect vector control scheme. In order to reduce the
system dependance from the mechanical system behavior, a torque loop is used in the
current reference calculations. Moreover, a torque control is included in the stator-side
control in order to overcome a voltage dip fault. The grid-side converter controls the DC
bus voltage and the reactive power in order to accomplish the grid codes. The proposed
control strategy is evaluated by the simulation of different scenarios such as variable wind
speed and different levels of voltage sags by means of Matlab/Simulink R⃝.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Wind power is one of the most promising renewable energy sources due to the progress experienced in the last decades.
The increasing penetration level of wind energy (Denmark 20%, Portugal 15%, Spain 14% and Germany 9% [1]) has led to the
establishment of grid codes. Among these requirements, voltage sag ride through capability is mandatory [2–5].
Wind farms canbe composed of fixed-speed or variable-speed generators, and also by induction (doubly-fed and squirrel-
cage) or synchronousmachines (permanentmagnets andwound rotor). Squirrel cage induction generators (SCIG) have been
used as fixed-speed generators, or for micro-generation [6,7]. However, they can also be implemented as a variable-speed
generators, introducing full rate power converter between grid and generators [8]. The main advantages of using squirrel
cage generator topology are low cost, good reliability and robustness. Its main drawback compared to permanent magnets
synchronous generators (PMSG) is the difficulty to build a multipolar squirrel cage induction generator.
SCIG control can be implemented using different approaches: scalar or vector control, direct or indirect field orientation,
rotor or stator field orientation [9–11]. Scalar control [12] is simple to implement, but easily unstable. A better performance
is obtained with direct vector control, requiring sensed flux values to define and control the field orientation references.
This however means that it is necessary to use hall-effect sensors, which, in practise, is problematic, and expensive, [13,14].
The indirect field-orientation method is more sensitive to the machine parameters but removes the necessity of direct flux
sensing [15,16].
This paper proposes an indirect vector control strategy less sensitive from themachine parameters than the conventional
scheme [8]. Voltages are referred to a q–d synchronous frame, alignedwith the rotor flux vector, for the stator-side converter.
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Nomenclature
Symbols
λ Flux linkage
Γ Torque
θ Angle
θ˙ Angular velocity
s Slip
r Resistance
L Inductance
M Mutual inductance
Superscripts
∗ Set point
e Synchronism reference
Subscript
s Stator
l Grid-side converter
z Grid
d d-axis
q q-axis
The grid-side converter is controlled by means of vector control strategy decoupling active and reactive power. The article
also analyzes the response of the system during faults, where the fault ride through is achieved.
This paper is organized as follows. In Section 2, the studied global system under study is described and analyzed. The
control scheme is presented in Section 3. The torque regulation, in order to overcome the fault ride through, is explained in
Section 4. In Section 5, the proposed control is validated by means of different simulation. Conclusions are summarized in
Section 6.
2. Squirrel cage induction generator with full power converter
The system being analyzed can be seen in Fig. 1. It is important to point out that there are more elements, e.g. a
transformer and a wind farm grid, which are not included in the present paper.
The squirrel cage induction generator (SCIG) is attached to the wind turbine by means of a gearbox. The SCIG stator
windings are connected to a back to back full power converter.
Thewind turbine is responsible for transformingwind power into kinetic energy.Wind Turbine power can be determined
by using,
Pwt = 12 · cp · ρ · A · v
3
w. (1)
The gearbox provides speed and torque conversions from a rotating power source to another device, using gear ratios. In
the analyzed system, it is described by means of a one mass model which complies with:
d
dt
ωgen = Γg − Γ
′
t
Jtot
Γ ′t =
Γt
Kgear
ωt = Kgear · ωgen
(2)
where ωt and ωgen are the turbine and generator angular speeds, respectively.
For the machine equations, assuming that the stator and rotor windings are sinusoidal and symmetrical [17,18], the
relation between voltage and currents on a synchronous reference qd can be written as:vsqvsd0
0
 =
Ls 0 M 00 Ls 0 MM 0 Lr 0
0 M 0 Lr
 d
dt
isqisdirq
ird
+
 rs Lsωe 0 Mωe−Lsωe rs −Mωe 00 sMωe rr sLrωe
−sMωe 0 −sLrωe rr

isqisdirq
ird
 (3)
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Fig. 1. General system scheme.
Fig. 2. Back to back converter.
where ωe is the value of synchronous angular speed, which can be obtained by ωslip + ωr , where ωslip is the slip angular
speed, and ωr is the rotor angular speed (ωgen · P), and P is the pole pair number.
Linkage fluxes can be written asλsqλsdλrq
λrd
 =
Ls 0 M 00 Ls 0 MM 0 Lr 0
0 M 0 Lr

isqisdirq
ird
 . (4)
The torque can be expressed as:
Γm = 32P ·M(isqird − isdirq). (5)
The active and reactive power yields:
Qs = 32

vsqisd − vsdisq

(6a)
Ps = 32

vsqisq + vsdisd

. (6b)
The back to back converter is composed of the grid-side converter connected to the grid and the stator-side converter
connected to the stator windings (Fig. 2). Both sides are linked by a DC bus.
The DC bus voltage can be expressed as
E = E0 + 1C
 t
0
iDCEdt = E0 + 1C
 t
0
(iDCl − iDCs)dt. (7)
The grid system equations in a synchronous reference frame can be written as:
vzq
vzd

−

vlq
vld

=

rl −Llωe
Llωe rl
 
ilq
ild

+

Ll 0
0 Ll

d
dt

ilq
ild

. (8)
Active and reactive power, provided by the grid-side converter, can be expressed as:
Ql = 32

vzqild − vzdilq

(9a)
Pl = 32

vzqilq + vzdild

. (9b)
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Fig. 3. General control scheme.
3. Control scheme
The electrical control of the converter can be achieved by using different kinds of current loops [19], for both sides of
the back to back converter, the references of the current loops through a vector control. As previously described, the power
converter can be treated separately, as two different converters (stator-side and grid-side).
For a stator-side converter, an indirect field oriented control is suggested. For the grid-side converter, vector control
[20–22,6] is used.
The converter set points are established by the so-called high-level controller, as it appears drawn in Fig. 3. This uses the
wind speed and the grid reactive power requirements, in order to determine the optimum turbine pitch angle, the torque
and the reactive power set points referenced to the converter.
The stator-side converter controls the torque, while the grid-side converter controls the dc voltage and the grid-side
reactive power.
3.1. Stator-side converter
In the stator-side converter, the referenced torque and rotor flux determine the current references which determine the
voltages to be applied.
3.1.1. Reference calculation
By referencing the voltage to the q–d synchronous frame aligned with the rotor flux vector, the q-component of the rotor
flux is zero (λqr = 0).
Then, the d-component of the rotor flux is always at the maximum, it can be ensured that ddt λdr and
d
dt λqr are zero. These
hypotheses are important in order to relate reference values (torque and rotor flux) with the current references.
Satisfying the condition for proper orientation and knowing which are the reference values, the current references can
be calculated as follows:
λe∗dr = M · ie∗ds ≈
rr ·M
rr + Lr · s · i
e∗
ds . (10)
Both approaches allow the relation of the d-component of the rotor flux with the d-component of the stator current. For
simplification, calculations have been used for the first one. Then, the d-component of the stator current reference is found
through the d-component of the rotor flux reference.
ie∗ds =
1
M
· λe∗dr . (11)
The d-component of the rotor flux reference, which is the rotor flux reference, can be determined with the following
equation:
λe∗dr =
Un
fn
(12)
where Un is the nominal voltage of the converter, which is limited by the DC bus voltage, and determined by the machine.
fn is the nominal frequency (50 Hz).
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Fig. 4. Stator control scheme.
In order to determine the q-component of the stator current reference, instead of using a common calculation structure,
as appeared e.g in [23,24], a comparison between ideal and actual values of torque is implemented, and this error signal is
regulated by means of a PI controller. Its output is the q-component of the stator current reference. Thereby, the current
reference calculations are decoupled, allowing both current control loops to work independently.
The actual torque value is calculated by means of:
Te = Ps
ωgen
(13)
where ωgen is the generator rotational speed and the stator active power (Ps) can be calculated, on abc reference, as follows:
Ps = vsaisa + vsbisb + vsc isc . (14)
The reference torque is determined as the optimum value that can be gained from the turbine [21].
T ∗e =
P∗s
ωgen
(15)
where P∗s can be calculated as:
P∗s =
1
2
cpoptρv
3
wind. (16)
This way of finding the reference torque gives more independence from themechanical system (turbine, shaft and gearbox)
to the control.
The use of the equations introduced before in the d-axis rotor voltage equation can be shown as:
vqr
=0
= rr · iqr + ddt λqr  
=0
−(ωe − ωr)λdr . (17)
Substituting the chosen equation of (10) in (17) result in:
ω∗slip = ωe − ωr =
rr
Lr
· i
e∗
qs
ie∗ds
. (18)
By integrating (18), the angle of rotation is determined, which will be used it to implement and reverse the Park
Transformation.
θe =

ωedt =
 
ωr + ωslip

dt = θr + θslip. (19)
Fig. 4 depicts the block diagram of the indirect rotor field-oriented control, which is based upon a torque loop,
(11) and (18).
3.1.2. Current loops
The current loop control can be implemented by means of the following stator voltage equations and by the assumption
of the hypothesis which were made before [23,18].
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Rotor voltage equations can be written as:
vrq = rr irq + sωeλrd + ddt λrq (20a)
vrd = rr ird + sωeλrq + ddt λrd. (20b)
Considering the assumptions made, λrq = 0, ddt λrq = 0 and ddt λrd = 0, and due to the fact that the generator is a squirrel
cage machine, rotor voltages are zero. Therefore, Eqs. (20a) and (20b) can be written as:
0 = rr irq + sωeλrd (21a)
0 = rr ird (21b)
where it is clear that the d-component of the rotor current is zero (ird = 0).
In addition, as λrq = 0 from the q-component rotor linkage flux equation (4), the following relationship can be obtained:
irq = −MLr isq. (22)
Hence, stator voltage equation (3) can be written as:
vsq = rsisq + Lsωeisd +

Ls − M
2
Lr

d
dt
isq (23a)
vsd = rsisd − ωe

Ls − M
2
Lr

isq + Ls ddt isd. (23b)
Based on these equations, the state linearization feedback is described in order to study and analyze how to close the
current loop.
State linearization feedback.
The current control can also be implemented by means of a state linearization feedback of the Eq. (23), as it is shown in
the following equation:
vsq
vsd

=
 vlq − Ls · ωe · isdvsd − Ls − M2Lr

· ωe · isq
 (24)
wherevsq andvsd are the voltage control values. The decoupling can be described as:
d
dt

isq
isd

=

− rs
Ls − M2Lr
 0
0 − rs
Ls
isqisd

+

1
Ls − M2Lr
 0
0
1
Ls
vsqvsd

. (25)
The control loops are made by means of a comparison of the reference value and its real value. Their error signals are
regulated by a PI controller, the constants of which are tuned, using IMC, as described later.
3.2. Grid-side converter
The control of the electrical system of the grid is configured in order to control the DC bus voltage and the reactive power
which is consumed or supplied by the converter of the grid side. The DC bus voltage reference and the grid voltage level
are used to determine the current references which determine the voltages to be applied on the grid side. Fig. 5 depicts the
block diagram of grid side control.
3.2.1. Reference calculation
The q-axis may be aligned to the grid voltage, allowing active and reactive decoupled control.
In order to accomplish the reactive power delivery during voltage disturbances with the grid operator requirement, the
reactive output current is defined as function of the grid voltage level, i.e. when there is no voltage sag the reactive power
reference is set as zero.
The active power, which is responsible for the evolution of the dc bus, is controlled by the ilq. A linear controller is usually
designed to control the dc bus voltage and to keep it constant.
i∗lq =
2 · P∗E
3 · vzq . (26)
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Fig. 5. Grid control scheme.
The DC link voltage behavior is defined by the Eq. (7), their current values iDCs and iDCl can be easily calculated
iDCs = i
abc
s · vabcs
E
(27a)
iDCl = i
abc
l · vabcl
E
. (27b)
How to define the parameters of the PI controller for the Dc Bus control loop is explained in [21]. Then an active power
reference P∗E is defined as control loop output.
3.2.2. Current loops
The current control is implemented by the following state linearization feedback:
vlq
vld

=
−vlq + vzq − Ll · θ˙g · ild
−vld + Ll · θ˙g · ilq

(28)
wherevlq andvld are the voltage control values. The decoupling can be described as:
d
dt

ilq
ild

=
−
rl
Ll
0
0 − rl
Ll
ilqild

+

1
Ll
0
0
1
Ll
vlqvld

. (29)
3.3. Current controller tuning
Controllers have been designed by using the so-called internalmodel control (IMC) [25]. The parameters of a PI controller,
with the aim to obtain a desired bandwidth α, which appear due to a low-pass filter included by the IMC, are:
Kp = α · Lx Ki = α · rx (30)
where the subscript x represents both stator and rotor.
4. Fault ride through
During a low voltage fault, the DC bus voltage tends to increase as the grid-side converter is not able to deliver all the
active power which comes from the stator-side converter. Therefore, in order to regulate and to control the DC bus voltage,
it is necessary to reduce the active power transferred by the generator. This can be done bymeans of a crowbar or a chopper
or by appropriately controlling the reference torque.
Γ ∗ref = a · Γ ∗opt . (31)
It is proposed to reduce the torque reference value, multiplying it by an a value, which is determined by the DC bus level, as
seen in (32).
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Table 1
Mechanical parameters (S.I units).
Jgen Jturb R Kgear
100 5·106 33 98.625
Table 2
Electrical parameters (S.I units).
rs rr Ls Lr M
1.1 ·10−3 1.3 ·10−3 3.0636 ·10−3 3.0686 ·10−3 2.9936 ·10−3
rl Ll C P
0.01 5.35 ·10−4 15.3 ·10−3 2
(a) Input wind speed variations.
(b) System torque evolution.
(c) Speed of the turbine.
(d) Active power system evolution.
Fig. 6. Representation of the turbine and stator-side converter variables during a wind speed variation.
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(e) d-components of the stator current.
(f) q-components of the stator current.
Fig. 6. (continued)
This control presents a hybrid control strategy character since it mixes a discrete and a continuous component, where
the discrete part of the control, presented in (32), makes the decision and switches the control strategy, meanwhile the
continuous part works according to the new rules.
a = 1 →E ≤ Elim1
a = 1−

E − Elim1
Elim2 − Elim1

→Elim1 < E < Elim2
a = 0 →Elim2 ≤ E
 . (32)
It is important to remark that the excess of power will be stored as kinetic energy in the rotating mass, this implies an
increase of the rotational turbine speed.
5. Simulation results
The presentedmodel has been exposed to different scenarios, changing its simulation conditions aswind speed variations
and voltage sags.
The mechanical and the electrical parameters [26,27], can be seen in Tables 1 and 2.
5.1. Wind speed variation
During the first scenario, the system has been exposed to a real wind speed profile, in order to observe the behavior of
the SCIG and its control. These variations can be seen in the Fig. 6(a).
5.1.1. Stator-side converter
In Fig. 6(b) it is possible to observe how the system evolves guided by the reference value. It is important to observe how
the generator torque instantly follows the reference value. Thatmeans, it is possible to choose the operational point or follow
the wind variation. Thanks to this fast control, the mechanical system, mainly the turbine, is able to quickly reach a steady
state. However, as can be seen in Fig. 6(c), the turbine speed always decreases due to the wind speed variation, despite the
wind speed variation appearing filtered on the turbine by its own inertia. In Fig. 6(d), the Active Power value evolution is
represented, which presents almost the same shape (just a little damped) as the wind profile. This damping is due to the
multiplication of the mechanical rotation speed and the generator torque. As the generator torque almost mimics the wind
shape, the damping is due to the turbine speed and its inertia, as explained before. In Fig. 6(e) and (f), the components of the
stator current, the q-component and d-component, can be seen. The d-component remains constant because it is calculated
by means of a flux open loop, where the flux reference is set constant. The q-component, on the other hand, constantly
changes because of its dependence on the torque variation, as it searches for a steady state.
5.1.2. Grid-side converter
As can be observed in Fig. 7(a), the Dc bus voltage remains constant over the reference value. It is important to remark
that the error is lower than 0.001%. From Fig. 7(a) it can be concluded that the Dc bus is able to transfer all power delivered
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(a) Dc bus voltage.
(b) d-components of the grid-side converter current.
(c) q-components of the grid-side converter current.
(d) Grid-side reactive power.
Fig. 7. Representation of the grid-side converter during a wind speed variation.
by the stator-side converter. In Fig. 7(b) and (c) it can be seen how the q-component varies, more or less, like the active
power transferred, and the d-component remains constantly zero, which implies zero reactive power, as can be found in
Fig. 7(d). The d-component is set zero because of the grid operator requirement.
5.2. Voltage sags
In this scenario, the system has been exposed to two different voltage sags in order to see the response of the control
to these new states. In this case, the wind speed has been assumed as a constant, because a voltage dip is shorter than 1 s.
At least this is the maximum time during which a wind mill should be kept connected to the grid when there is a voltage
fault. Therefore it is reasonable to make this assumption. The simulated voltage dips have a depth of 50% and 99% from the
normal voltage grid, respectively (Fig. 8(a)).
5.2.1. Grid-side converter
As it is shown in Fig. 8(b) and (c), it can be seen how the d-component is following its reference, which is determined by
the grid operator requirement of reactive power output. The q-component is increased until the current saturation of the
grid-side converter trying to deliver as much active power as is transferred by the stator-side converter. In Fig. 8(d), it can
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(a) abc components grid voltage sag.
(b) q-component grid-side converter current.
(c) d-component grid-side converter current.
(d) Dc bus voltage.
(e) Grid-side reactive power delivery.
Fig. 8. Representation of the variables of the grid-side converter during voltage disturbances.
be observed how the bus voltage increases because the voltage sag has led to a current saturation. Then, the dc bus tries
to transfer all active power, and when it is not able to so, it raises its voltage value storing the excess of electrical power
into the dc link. When the voltage fault disappears, it can be seen how the dc bus is discharged and the transferred power
is optimal. In addition, it can be seen how the torque regulation, implemented to avoid bus saturation, works. This control
guides the bus voltage to a secure zone and holds the bus voltage there until the sag is over. Moreover, in Fig. 8(e) it can be
observed how the wind turbine is accomplishing the reactive power delivery ordered by grid codes.
J.L. Domínguez-García et al. / Computers and Mathematics with Applications 64 (2012) 102–114 113
(a) Active power during different voltage sags.
(b) Generator torque and Reference Torque during voltage sags.
(c) Evolution of the rotation speed of the turbine during the faults.
(d) d-component stator current.
(e) q-component stator current.
Fig. 9. Representation of the variables of the stator-side converter during voltage disturbances.
5.2.2. Stator-side converter
The active power has to be reduced due to the grid faults, as can be seen in Fig. 9(a), because the network is not able
to transfer all power that can be generated, and it is necessary protect the system. In Fig. 9(b) it can be observed how the
generator torque during the fault ride through changes to a lower value, and after the faults it is a little transient. The torque
controller guides the torque value to a new stable and safe operational point. In Fig. 9(c) it can be observed, how during the
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voltage dip, the turbine increases its speed in order to store the excess of obtained power, in Kinetic Energy. In Fig. 9(d) it can
be observed how the d-component is constantly following the reference, as explained before. This is due to the constant flux
value. In addition, in Fig. 9(e) the q-component shows some reductions, this fact implies that it follows its steady state. During
the voltage disturbances, the reduction of the q-component is produced due to the limitation of active power transferred to
the grid by the system.
6. Conclusion
This paper presents a control technique in order to deal with a SCIG connected to the grid through a full power converter.
Both stator-side and grid-side are taken into consideration. The control schemes used in each converter have been detailed.
The vector control scheme enables the system to control the stator-side converter without a flux sensor inside the machine.
This fact assures fewermechanical problems during the lifetime of themachine. The indirect vector control proposed for the
stator-side converter is less dependant frommachine parameters than the conventional indirect vector control, introducing
to the system a faster response. Moreover, the proposed scheme decouples the current reference calculations. In addition,
the inclusion of the torque regulator into the stator-side converter control, allows the eradication of an extra element of
the typical wind turbine, usually a chopper or a crowbar, in order to protect the machine. The control strategy has been
satisfactorily evaluated by means of Matlab/Simulink R⃝ simulations.
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